ABSTRACT HIV-1 group O originated through cross-species transmission of SIV from chimpanzees to humans and has established a relatively low prevalence in Central Africa. Here, we infer the population genetics and epidemic history of HIV-1 group O from viral gene sequence data and evaluate the effect of variable evolutionary rates and recombination on our estimates. First, model selection tools were used to specify suitable evolutionary and coalescent models for HIV group O. Second, divergence times and population genetic parameters were estimated in a Bayesian framework using Markov chain Monte Carlo sampling, under both strict and relaxed molecular clock methods. Our results date the origin of the group O radiation to around 1920 (1890-1940), a time frame similar to that estimated for HIV-1 group M. However, group O infections, which remain almost wholly restricted to Cameroon, show a slower rate of exponential growth during the twentieth century, explaining their lower current prevalence. To explore the effect of recombination, the Bayesian framework is extended to incorporate multiple unlinked loci. Although recombination can bias estimates of the time to the most recent common ancestor, this effect does not appear to be important for HIV-1 group O. In addition, we show that evolutionary rate estimates for different HIV genes accurately reflect differential selective constraints along the HIV genome.
T HE human immunodeficiency virus type 1 (HIV-1)
sition from endemic infection to exponential growth durcomprises three lineages, denoted M, N, and O, ing the independence war (Lemey et al. 2003) . Our curresulting from at least three separate introductions of rent knowledge of HIV-1 group O epidemiology is more simian immunodeficiency virus from chimpanzees limited and based primarily on serological studies (Nken-(SIVcpz) into the human population (Gao et al. 1999; gasong et al. 1993; Peeters et al. 1997; Zekeng et al. 1997; Corbet et al. 2000) . The vast majority of HIV-1 infec- Ayouba et al. 2001) . Group O was first identified in 1994 tions worldwide belong to HIV-1 group M. In contrast, in Cameroon (Gurtler et al. 1994) , which still appears HIV-1 group O appears to be restricted to west-central to have the highest group O prevalence, albeit low comAfrica. A third (and very rare) lineage, group N, has pared to that of group M (Nkengasong et al. 1993 ; Peetbeen identified in Cameroon (Simon et al. 1998 (Simon et al. ). A ers et al. 1997 . Sporadic cases of group O infections have number of studies have used coalescent and molecular been documented in Europe and the United States (e.g., clock methods to understand the epidemic history of
De Leys et al. 1990; Charneau et al. 1994 ; Rayfield et HIV-1. Molecular clock analyses have dated the most al. 1996); however, the majority of these individuals had recent common ancestor of group M to around 1930 contacts with west-central Africa (Quinones-Mateu et al. (Korber et al. 2000; Salemi et al. 2001; Sharp et al. 2001 Sharp et al. ). 2000 . Recent sequencing efforts have provided more deCoalescent analysis of the HIV-1 group M population dytailed information about the phylogenetic relationships namics in Central Africa, where group M originated, indiof group O strains (Roques et al. 2002 ; Yamaguchi et al. cated a history of exponential growth with an increasing 2002). However, the origin and demographic history of exponential growth rate through time (Yusim et al. 2001) .
this HIV-1 variant have not yet been elucidated. Similar analyses of HIV-2 in Guinea-Bissau revealed a tranPopulation genetic modeling provides a way to extract information about evolutionary and population genetic processes from sampled gene sequences. Major ad-1 statistical properties of the ancestral history of sampled a recent comprehensive study ( Jenkins et al. 2002) , although simulations suggest that estimated evolutionsequences (Kingman 1982; Hudson 1990) . This shared ancestry is usually formalized as a genealogy, or tree, ary rates can be reliable even when the strict clock is rejected, provided that rate heterogeneity among linwhich can be reconstructed using standard phylogenetic methods. The standard neutral coalescent model has eages is small ( Jenkins et al. 2002) . To accommodate for evolutionary rate variation among lineages, Thorne been extended to uncover the evolutionary footprints of many processes, such as recombination (e.g., Hudson et al. (1998) proposed a parametric model for relaxing the clock that assumes autocorrelated rates across speci-1990; Griffiths and Marjoram 1996) , population subdivision (e.g., Nath and Griffiths 1993), and variable ation/coalescence events. A variant of this method was applied to HIV-1 group M by Korber et al. (2000) , population size (e.g., Slatkin and Hudson 1991; Griffiths and Tavaré 1994). In the latter case, the coalesresulting in estimates similar to those obtained under a strict molecular clock. This model has also been excent model relates the shape of the genealogy to the demographic history of the sampled population.
tended to data sets consisting of multiple gene sequences for each taxon of interest (Thorne and KishIf the gene sequences have been sampled from infectious organisms present in different individuals, then ino 2002).
Recombination is a frequent event in the evolution the coalescent model provides information about epidemic history or, more specifically, about the historical of HIV (Robertson et al. 1995) , giving rise to a multitude of mosaic genomes, some of which are significant dynamics of the number of infected individuals (Holmes et al. 1995; Pybus et al. 2000) . The statistical inference in the pandemic and termed "circulating recombinant forms" (Robertson et al. 2000) . Coestimation of recomof pathogen epidemic history is aided by the use of "heterochronous" data-sequences that have been sambination rates, varying population sizes, substitution rates, and complex substitution models within a coalespled at sufficiently different points in time that mutations have accumulated between those times (Drumcent framework is expected to be technically challenging and no algorithms are currently available for this mond et al. 2003) . Heterochronous sequences allow effective population size (N e ) and the rate of molecular task. Previous coalescent analyses of HIV epidemic history have therefore assumed no recombination within evolution () to be independently estimated from sequence data. In contrast, "isochronous" sequencesthe genome fragment under investigation. Frequent recombination will result in different phylogenies along those that have been sampled at effectively the same point in time-contain only information about the comthe HIV genome and, at its most extreme, will lead to a total loss of linkage between genes. Worobey (2001) posite parameter ϭ 2N e . Various statistical frameworks can be used to infer population genetic parameshowed that if a single tree is estimated from recombining sequences then estimates of rate heterogeneity ters from gene sequences (e.g., Kuhner et al. 1998; Beerli and Felsenstein 2001; McVean et al. 2002) , a among sites are biased upward and the terminal tree branches are lengthened, resulting in a possible overessubset of which can accommodate heterochronous data (e.g., Rambaut 2000; Drummond and Rodrigo 2000; timation of the TMRCA and a possible demographic bias toward exponential growth. More detailed simula- Pybus and Rambaut 2002; Seo et al. 2002) . Most recently, Drummond et al. (2002) introduced a Bayesian tions by Schierup and Forsberg (2003) have confirmed this effect. The impact of these effects on demoapproach to heterochronous data that uses MetropolisHastings Markov chain Monte Carlo (MCMC) sampling graphic estimates has yet to be quantified. Furthermore, recombination-even at small levels-leads to a rejection to integrate over different coalescent trees, thereby incorporating phylogenetic uncertainty. The feasibility of of the molecular clock (Schierup and Hein 2000b) . The objective of this study is to investigate the populathis approach has recently been demonstrated in a number of settings (see Drummond et al. 2003) , including tion genetics and epidemic history of HIV-1 group O and examine the robustness of our estimates to variable an analysis of hepatitis C virus in Egypt, the results of which correctly matched substantial a priori information evolutionary rates among lineages and recombination.
In the first part, we select model components and test about the epidemic history of the virus in that country .
null hypotheses to specify a suitable coalescent framework. In the second part, we use MCMC methods to The analyses of genetic diversity described above have typically made strong evolutionary assumptions, particuestimate the time to the most recent common ancestor (TMRCA), substitution rates, and population paramelarly regarding recombination and the molecular clock, and the quantitative effect of these assumptions on paters. The effect of variable evolutionary rates on divergence time estimates is evaluated by comparing a strict rameter estimates is largely unknown. Most analyses assume a constant-rate molecular clock. Unfortunately, molecular clock method against a relaxed molecular clock method. In some of the analyses it was necessary this hypothesis is frequently rejected for HIV sequence data (Korber et al. 1998; Salemi et al. 2001 ). More to use empirical priors for the TMRCA to estimate other parameters of interest. The final part explores the effect generally, only 7 of 50 data sets from different RNA virus species complied with a strict molecular clock in of recombination by implementing a model of unlinked loci in the Bayesian framework that allows different genes 2000)
. The molecular clock was tested using the likelihood-ratio test and was rejected for all data sets. Explorto have different genealogies. This provides an upper bound for the effects of recombination, to compare atory linear regression analyses revealed only weak correlations between genetic divergence and sampling time with the lower bound provided by assuming all genes are linked and share the same genealogy. Overall, our (data not shown). This is not surprising since the regression method assumes the phylogenetic tree is known results show that HIV-1 group O evolution has a similar timescale to that of group M, but with a slower increase without error-this is clearly not the case. The demographic signal in the gag, env, envC2gp41, in population size: we estimate the number of group O infections has doubled approximately every 9 years.
and int data sets was investigated using generalized skyline plots-nonparametric estimates of effective population size against time ( plots; superimposed on the plots are parametric estimates under an exponential growth model (1), obNull hypothesis testing and model selection: The matained using GENIEv3.5. For all genome regions, the jority of sequences investigated here originate from the exponential model provides a good fit to the data, as comprehensive studies of Yamaguchi et al. (2002) and evaluated by likelihood-ratio testing. Roques et al. (2002) . In addition, we included all dataAlthough we excluded previously identified recombibase sequences for which sampling dates were available.
nants (Roques et al. 2002) , we also investigated the To maximize both the number of strains and sequence evidence for further recombination in our data. To test length used, different data sets were compiled in three for recombination events between the major gene remajor gene regions (Table 1) . This is necessary since, gions, we compared the maximum-likelihood (ML) tree for a lot of strains, only small stretches within gag and topology for each gene region against the ML trees for env have been sequenced. Previously identified recombithe other gene regions and the concatenated data set. nants within a single gene (Roques et al. 2002) (Table 2) . However, the ML tree for the concatereading frame in Se-Al (http:/ /evolve.zoo.ox.ac.uk). Apnated data is not rejected for the env and gag regions. propriate nucleotide substitution models were deterAlthough conflicting phylogenetic signals among gene mined with Modeltest v3.06 on the basis of hierarchical regions could arise from other evolutionary forces, the likelihood-ratio testing (Posada and Crandall 1998).
results probably indicate significant levels of recombinaMaximum-likelihood phylogenetic trees were recontion. For the gag, int, env, and envC2gp41 data sets, we structed in PAUP* using a heuristic branch-swapping tested for recombination using the informative sites test algorithm (Swofford 1998) . Branch lengths under the (IST; Worobey 2001), which tests whether the ratio of molecular clock were estimated in PAML (Yang 1997), using the "single-rate dated-tip" constraint (Rambaut two-state parsimony-informative sites to all polymorphic sites is greater than expected from clonally generated sets were substantially less informative than others about substitution rates. Only for the complete env data set data. All gene regions deviated significantly from clonality (Table 3 ), suggesting that recombination considerand a concatenated data set (consisting of 42 strains sampled in the gag, int, and env regions) were the results ably shaped the sequence data in each gene.
Inference of the origin and demographic history of consistent among independent MCMC runs in BEAST. For these data sets, divergence dates were also estimated HIV-1 group O: A Bayesian coalescent framework was used for the joint estimation of population parameters, under a relaxed molecular clock using the program MULTIDIVTIME (Thorne et al. 1998 ; Thorne and substitution parameters, dates of divergence, and tree topology . MCMC is used to Kishino 2002). MULTIDIVTIME takes into account both uncertainty in branch length estimation and linobtain parameter estimates by averaging over many genealogies and weighting the contribution of each geneeage-specific rate variation, within a Bayesian framework . For multilocus data, a alogy by its likelihood given the sequence data. Here, we use an improved implementation of this algorithm test for correlated changes in evolutionary rates among genes is provided . MULTIin the program BEAST . In an analysis of this type the likelihood function is com-DIVTIME uses a Metropolis-Hastings MCMC algorithm to sample from the posterior distribution of the model posed of both a phylogenetic model and a coalescent model. Analyses were performed using the Hasegawaparameters. The mean of the normally distributed prior for the substitution rate was set at 0.003 nucleotide subKishino-Yano or general time-reversible substitution models with gamma-distributed rate variation and a prostitutions/site/year for the multilocus data set and to 0.002 nucleotide substitutions/site/year for env, both portion of invariable sites, as specified by the Modeltest results. For the complete env data set, a codonwith a standard deviation of 0.001. The mean of the position-specific model of rate heterogeneity was used.
normal prior for the TMRCA was set at 1930 with a For the concatenated data set, different genes were standard deviation of 50 years. Different priors on the given different substitution models. An exponential time to most recent common ancestor (1950 Ϯ 50 years growth model was used to describe the HIV-1 group O and 1880 Ϯ 50 years) had little influence on the posteepidemic history, as suggested by the skyline plots. This rior probability (data not shown). The mean of the prior model is defined as for the Brownian motion constant was set at 0.02 with standard deviation 0.02. Two independent MCMC N(t) ϭ N 0 e Ϫrt .
(1) chains were run for 10 7 generations with sampling every 100th generation. The burn-in was set after sampling 10 5
The current and ancestral effective numbers of infecgenerations. tions are represented by N 0 and N(t), respectively, and
Marginal posterior distributions for the TMRCA of r is the exponential growth rate. Three independent HIV-1 group O are shown in Figure 2 . The coalescent MCMC chains were run for 10 7 generations with sammethod with strict clock (BEAST) and the relaxed clock pling every 100th generation. The burn-in was set at method (MULTIDIVTIME) produced overlapping mar-10% of the posterior sample. We tested for convergence ginal posterior densities, with posterior modes close to of the MCMC chains to stationarity as in Drummond et 1920. This comparison suggests that the effect of varial. (2002) .
The data exploration step revealed that some data able evolutionary rates on the TMRCA estimate was with respect to the values obtained assuming a common genealogical history (Figure 2 ). The estimated growth rate of 0.070 [confidence interval (C.I.) 0.044-0.097] limited for HIV-1 group O. Estimates for the concateyear Ϫ1 is also similar to the linked loci estimate (see nated data and the single env locus were also very similar. Table 4 ). Interestingly, analysis of the concatenated data set reWe used the TMRCA results from the multiple unvealed no significant correlation among genes of changes linked loci analysis as prior distributions for the analysis in evolutionary rate over time. The rank correlations of the remaining data. In particular, this empirical a between env and gag, int and gag, and int and env were priori distribution for the TMRCA was used in the MCMC 0.27, 0.19, and Ϫ0.24, respectively. Coalescent estimates runs for gag, gagp24, int, envC2gp41, envC2V3, and envgp41. of the population growth rate using BEAST resulted
The resulting estimates for the substitution rates and in 0.068 (0.041-0.095) year Ϫ1 and 0.075 (0.048-0.10) demographic parameters are listed in Table 4 . Interestyear Ϫ1 for env and the concatenated data, respectively. ingly, growth rate estimates are highly consistent among Collectively, these analyses suggest that group O infecthe different gene regions, while the evolutionary rates tions have doubled approximately every 9 years since vary and appear to reflect differential selective constraints about 1920.
on the HIV-1 genome. To test this more formally, d N / A multilocus model to evaluate the effect of recombid S estimates were obtained under a codon substitution nation: Significant topological differences and loss of model (Yang et al. 2000) and plotted against the evolucorrelated evolutionary changes among genome retionary rate estimates ( Figure 3 ). As can be observed, gions could be signs of recombination. At the limit, with there was a strong relationship between substitution significant amounts of recombination, the gene loci can rates and d N /d S estimates (R 2 ϭ 0.95, P Ͻ 0.001). It be regarded as independent realizations of the coalesshould be noted that due to overlaps in the particular cent process. In this situation it may be more reasonable genome regions used, the data sets cannot be considered to consider a model in which each locus has a different as completely independent and thus caution should be genealogy, but all loci share the same demographic history. If the three genes, env, gag, and int, are repreexercised when evaluating this relationship. The Bayesian coalescent analysis and the Bayesian relaxed clock analyses were performed with the programs BEAST and MULTIDIVTIME, respectively. In the unlinked case, TMRCA estimates are shown for the single genes that are indicated in boldface type and underlined in the concatenated data set. 1917 (1885-1943) env : 0.0021 (0.0014 -0.0029)
The values listed are the mean estimates with the 95% highest posterior density interval. Estimates for the env data set and the concatenated data set were obtained using uniform priors. Informative gamma priors were encoded on the TMRCA for the other data sets: shape is 28.1 and scale is 2.93 for envC2gp41, envC2V3, and envgp41; shape is 25.2 and scale is 3.48 for gag, gagp24, and int.
a Product of effective population size and generation time.
DISCUSSION
importantly, it will not systematically bias estimates of the TMRCA in either direction. Thus the simulation results In this study we investigated the population genetics of Worobey (2001) and Schierup and Hein (2000a) of HIV-1 group O using a Bayesian coalescent frameare somewhat dependent on the use of "structured" tree work. Model selection tools helped us to set up a paramtopologies that have long internal branches. During eter-rich model that formalized epidemic history in phylogenetic reconstruction, recombination events terms of evolutionary and demographic parameters. Reamong these internal branches are misinterpreted as combination analyses suggested that it was invalid to homoplasies on terminal branches, thus biasing tree assume a single genealogy across the gag, int, and env length and TMRCA upward. It could be said that the genes. Therefore we implemented a model that assumed above argument is circular, since recombination makes independent genealogical histories for each gene. This structured trees appear more star like, but this is not model is at best an approximation; in reality, HIV-1 the case because there is plenty of nongenetic evidence recombination is likely to generate intermediate levels that HIV-1 has grown exponentially and therefore starof linkage among genes. However, the model does allow like genealogies are to be expected. Thus the quantitaus to analyze between-gene recombinants and to extive effect of recombination on evolutionary analyses of plore the potential bias of recombination on coalescent HIV-1 may be less severe than initially thought (Schierup parameter estimation. In contrast to a previous simulaand Hein 2000a). The similarity of TMRCA estimates tion study (Schierup and Forsberg 2003) , our results among loci also arises from the low variance in coalescence suggest that the estimated TMRCA assuming a single times when populations are rapidly growing. genealogy for all loci is not significantly different from Although the unlinked analysis provides some assurthat obtained when assuming different genealogies for ance that recombination is not strongly biasing the estieach locus. Estimates of effective population size and mates of TMRCA, it would be desirable to employ a model growth rate were also similar for linked and unlinked that explicitly accounts for recombination when estimatanalyses. A genealogical perspective is useful in interpreing divergence times for heterochronous sequences. ting such results : recombination events
The development of a MCMC framework that could in a very rapidly growing population will mostly occur evaluate models of this type would require substantial on the terminal branches of the "star-like" sample geneeffort and falls outside the scope of this article. alogy. Although recombination among terminal For some single-gene data sets, the MCMC was not branches will increase variance in the number of mutaalways consistent among runs when uniform priors were tions on the terminal branches, resulting in the rejecused. Specifically, states of low substitution rate and tion of the molecular clock and an increase in the variance of TMRCA estimates (as shown in Table 3), older TMRCAs were not well distinguished from states C.I. 0.0018-0.0028; Korber et al. 2000) . These estimates appear to agree with our knowledge of group M and O This has been previously identified as a property of data with weak statistical signal on substitution rates (for a diversity. Several investigators have reported a similar diversity for both groups (Charneau et al. 1994 ; Lousdiscussion of this problem see Drummond et al. 2002) . In these cases, there is a problem of identifiability, such sert- Ajaka et al. 1995; Korber et al. 1996; Hackett et al. 1997) . A more detailed analysis of larger data sets that the population size and substitution rate cannot be independently estimated and only estimation of their showed a somewhat higher diversity for group O, which led to the suggestion that 1930 is an upper limit for the product is straightforward. To resolve this, we reduced the uncertainty on the substitution rate by using an empiri-MRCA of group O (Roques et al. 2002) . Our point estimates might indeed suggest that group O is slightly cal prior for the TMRCA, obtained from the multilocus analysis. It should be emphasized that this does not older, but the wide overlapping confidence intervals are inconclusive. The effective number of HIV-1 group O represent subjective prior knowledge but "data-residing" prior knowledge. In this situation, formalizing prior infections has been increasing exponentially with a growth rate (r) of 0.08 (0.05-0.12). This is slower than knowledge is equivalent to adding extra data.
The MRCA for HIV-1 group O was estimated to have the growth rate estimated for HIV-1 group M in Central Africa (r ϭ 0.17; Yusim et al. 2001) . Not surprisingly, existed around 1920 Not surprisingly, existed around (1890 Not surprisingly, existed around -1940 , in the same range as the TMRCA of group M (Korber et al. 2000 ; Salemi group O prevalence is much lower than that of group M at present in Cameroon (Mauclere et al. 1997 (Mauclere et al. ). et al. 2001 Sharp et al. 2001) . Evolutionary rate estimates for group O (env, 0.0019, C.I. 0.0013-0.0026) are also
In conclusion, the methods we have used here present a framework that goes some way toward a more realistic similar to previous estimates for group M (env, 0.0024,
